Objective: Fibroblast growth factor-21 (FGF-21) has recently been characterized as a potent metabolic regulator, but its pathophysiologic roles in humans remain unknown. This study aimed to investigate the effects of rosiglitazone on plasma FGF-21 levels in patients with type 2 diabetes mellitus (T2DM). Design and methods: Thirty patients with new-onset T2DM (nT2DM), 34 type 2 diabetic patients with poor glycemic control (pT2DM) after the treatment with single hypoglycemic agent metformin, and 30 sex-and age-matched normal glycaemic controls (NGT) participated in the study. The pT2DM group was treated with rosiglitazone for 12 weeks. Plasma FGF-21 levels were measured with a RIA. The relationship between plasma FGF-21 levels and metabolic parameters was also analyzed. Results: Fasting plasma FGF-21 levels were higher in nT2DM and pT2DM groups than in the control (1.81G0.64 vs 1.87G0.63 vs 1.52G0.61 mg/l, P!0.05), but there was no difference between nT2DM and pT2DM groups. Fasting plasma FGF-21 levels were decreased significantly in pT2DM group after the treatment with rosiglitazone compared with pre-treatment (1.59G0.63 vs 1.87G0.64 m/l, P!0.05). In all diabetic patients, multiple regression analysis showed that HbA1c, fasting insulin, and homeostasis model assessment-insulin resistance index were independently associated with plasma FGF-21 levels. Conclusions: In pT2DM patients, plasma FGF-21 levels are increased, but significantly decreased after the treatment with rosiglitazone on top of ongoing metformin therapy. These data suggest that rosiglitazone may play a role in lowering FGF-21 levels in T2DM patients.
Introduction
Impaired insulin-stimulated glucose turnover in insulindependent peripheral tissues such as liver, muscle, and adipocytes is a major characteristic of type 2 diabetes. Fibroblast growth factor-21 (FGF-21) is a liver-derived endocrine factor that influences insulin sensitivity in adipocytes and whole-body glucose homeostasis in animal models (1) . A recent report has shown that FGF-21 is a potent activator of glucose transport in mouse adipocytes, and its glucose-lowering effect was through an insulin-independent mechanism (2). Mice with over-expression of FGF-21 were protected from diet-induced obesity (2). Zhang et al. observed that serum FGF-21 levels in overweight/obese Chinese subjects were higher than in lean Chinese individuals, and that the FGF-21 levels correlated positively with adiposity as well as fasting insulin (FINS) and triglycerides (TGs) (3) . The authors speculated that the increased serum FGF-21 levels in obese individuals could be a result of compensatory responses or resistance to FGF-21 actions. The anti-diabetic effects of FGF-21 and its regulatory mechanism in humans remain unknown despite the research efforts done in animals.
Rosiglitazone, an agonist of the peroxisome proliferators-activated receptor-g (PPAR-g), regulates the expression of genes controlling glucose homeostasis and lipid metabolism. Rosiglitazone has been widely used as a pharmacological agent in clinic to alleviate peripheral insulin resistance (IR) and enhance glucose transport in adipose tissue (4, 5) . Previous studies have suggested a functional interplay between FGF-21 and PPAR-g-signaling pathways (6, 7). Muise et al. reported that circulating levels of FGF21 protein were increased in db/db mice treated with the PPAR-g agonists (8) .
Since the role of FGF21 in human physiology is unknown, it is important to characterize the effect of common anti-diabetic treatment on the plasma levels of FGF21. Since monotherapy with rosiglitazone has limited effect on plasma glucose, the metformin was combined to control the high plasma glucose level. We present here a cross-sectional study of FGF-21 levels in different populations as well as the effects of rosiglitazone on the plasma FGF-21 levels in patients with type 2 diabetes.
Patients and methods

Subjects
Ninety-four Chinese volunteers were involved in this study and categorized into three groups. The first group comprised of 30 otherwise healthy individuals except the diagnosis of new-onset type 2 diabetes mellitus (nT2DM). The diagnostic criteria of type 2 diabetes were based on a 75 g oral glucose tolerance test (OGTT) recommended by World Health Organization criteria (9) . These patients had not undertaken any diabetic medications/diet prior to the present study.
The second group of 34 patients was type 2 diabetes patients with poor glycemic control (pT2DM) even after the treatment with metformin. The selection criteria included: 1) 40-70 years of age without the presence of major diabetic complications and major organ diseases; 2) fasting blood glucose levels between 7.0 and 13.9 mmol/l after more than 3 months of treatment with metformin; and 3) body mass index (BMI) within the range of 20-30 kg/m 2 . Thirty healthy volunteers who responded to our advertisement and age-and BMI-matched with the diabetic group, were chosen as the normal glycemic control group (NGT). Their non-diabetic statuses were confirmed with a normal OGTT.
This study was carried out in accordance with the recommendations of the Declaration of Helsinki. The study was approved by the Human Research Ethics Committee of Chongqing Medical University. An informed consent was obtained from all participants in this study.
Study design
Rosiglitazone (4 mg/day) was added to the previous metformin regimen in patients of pT2DM group throughout the 12-week period of study. No change in medication and dosages was made during the study. No subject dropped out of the study. The NGT control and the nT2DM group did not receive any medication.
Plasma biochemical parameters and FGF-21
Blood samples were taken before and after the 12 weeks of treatment for the measurements of metabolic parameters and plasma FGF-21 levels. Typically, blood samples were collected either after an overnight fast or 2 h after a 75 g OGTT. Plasma samples were collected by centrifugation at 4 8C and kept at K80 8C for further use.
Plasma FGF-21 levels were determined by RIA (Phoenix Pharmaceuticals, Inc., Belmont, CA, USA) using 125 I-labeled FGF-21 as tracer. The linear range of the assay was 0.5-5.0 mg/l, and the standard range was 0.234-30 mg/l. The inter-and intra-assay coefficients of variation were 4.9 and 13% respectively. Insulin was measured in deproteinized serum by RIA using human insulin as standards (Linco, St Charles, MO, USA). Free fatty acids (FFA) were measured with a commercial assay kit (Randox Laboratories Ltd, Antrim, UK). Plasma glucose was assayed using the glucose oxidase method. HbA1c was measured by isoelectric focusing. TG, cholesterol, high-density lipoprotein (HDL), and low-density lipoprotein (LDL) concentrations were determined enzymatically. Percent body fat was determined by bioelectrical impedance analysis (Tanita, Inc., Tokyo, Japan). The homeostasis model assessment of IR (HOMA-IR) and the HOMA of b-cell insulin secretion (HOMA-IS) were calculated from FINS and glucose levels using the following equations:
HOMA ÿ IR Z fasting insulinðmU=lÞ 
Statistical analysis
Statistical analyses were performed using the SAS 8.0 software (SAS Inc., Cary, NC, USA). Since the distributions of plasma insulin, TG, HOMA-IR, and HOMR-IS values were skewed, logarithmically transformed values were used for statistical analysis. Baseline characteristics of case and control subjects were compared by t-test or ANOVA. The paired t-test was used to compare differences in biochemical characteristics and FGF-21 levels between pre-and post-treatment with rosiglitazone in pT2DM group. One-way ANOVA and Tukey's honestly significant difference post hoc test were performed to test the changes between the groups. Bivariate correlation and multiple regression analyses were used to examine the association between fasting plasma FGF-21 levels and the values of other biomarkers. All of the statistical analyses were twosided, and all data are presented as meansGS.D. or medians (interquartile ranges) with a P value !0.05 considered statistically significant.
Results
The clinical characteristics and fasting plasma FGF-21 levels
The clinical characteristics of the three groups did not show significant difference in gender distribution, age, BMI, waist-to-hip ratio (WHR), percent body fat, systolic, and diastolic blood pressure ( Table 1 ). The fasting levels of TG, HDL, LDL, FFA, and post-prandial insulin (PINS) are comparable between the groups. The pT2DM group has higher total cholesterol (TC) than the other two groups (P!0.05). Both pT2DM and nT2DM groups had significantly higher fasting blood glucose, 2-h post-prandial blood glucose (2hPBG), FINS, HbA1c, HOMA-IR, and fasting plasma FGF-21 levels, but lower HOMA-IS than the NGT group. The fasting blood glucose, 2hPBG, and HbA1c in nT2DM group were significantly higher than in pT2DM group. There was no significant difference in FINS, HOMA-IR, HOMA-IS, and fasting plasma FGF-21 levels between the pT2DM and nT2DM groups.
Relationship between fasting plasma FGF-21 levels and metabolic parameters The effects of rosiglitazone on clinical characteristics and FGF-21 levels in pT2DM group
To examine the effect of rosiglitazone on type 2 diabetes, we added rosiglitazone to the metformin regimen in pT2DM group. After 12 weeks treatment with rosiglitazone and metformin, HbA1c, FBG, 2hPBG, FINS, and HOMA-IR in pT2DM patients were significantly declined (Table 2) . Interestingly, fasting plasma FGF-21 levels were also significantly decreased (1.59G0.63 vs 1.87G0.64 mg/l, P!0.05). There was no significant change in BMI, percent body fat, and HOMA-IS, while Data are meansGS.D. or medians (interquartile ranges) versus NGT group *P!0.05; T2DM group versus nT2DM group † P!0.05. pT2DM, type 2 diabetes mellitus with poor glycemic control; nT2DM, new-onset type 2 diabetes mellitus; NGT, normal glycaemic control; BMI, body mass index; WHR, waist-to-hip ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure; TG, total triglyceride; TC, total cholesterol; HDL, high-density lipoprotein; LDL, low-density lipoprotein; FFA, free fatty acids; FBG, fasting blood glucose; 2hPBG, 2-h post-prandial blood glucose; FINS, fasting insulin; PINS, 2-h post-prandial insulin; HOMA-IR, HOMA-insulin resistance index; HOMA-IS, HOMA-b-cell insulin secretion index; FGF-21, fibroblast growth factor-21. a remarkably reduced FFA level (0.38G0.18 vs 0.69G 0.27 mmol/l, P!0.05) was observed after the addition of rosiglitazone in the pT2DM group (Table 2) .
Discussion
In this study, we assessed association between fasting plasma FGF-21 and several metabolic characteristics in T2DM and non-diabetic controls. In NGT group, fasting plasma FGF-21 levels only correlated positively with BMI, whereas in T2DM group, HbA1c, FINS, and HOMA-IR were independently related to fasting plasma FGF-21 levels. These findings suggest a possible interaction between FGF-21 and insulin action/secretion in type 2 diabetes. However, we also observed no difference in FGF-21 levels between pT2DM and nT2DM groups, despite the nT2DM group having higher levels of plasma glucose. These results suggest that FGF-21 might play a role in mediating insulin secretion/actions and that insulin might be an important factor to FGF-21 level or action.
FGF21 has previously been shown to lower blood glucose, improving peripheral insulin sensitivity (10), enhancing glucose transportation in adipocytes, and preventing pancreatic b-cells from apoptosis (2) . It is well known that GLUT-1 is responsible for basal glucose uptake in adipocytes, and insulin-stimulated glucose uptake is through the translocation of GLUT-4 from intracellular storage vesicles to the plasma membrane. The suppression of GLUT-4 expression and translocation in T2DM contribute to reduced whole-body glucose clearance and raised plasma glucose levels (11) . However, the effects of FGF-21 on glucose transportation in adipose tissue were through insulin-independent upregulation of GLUT-1 expression (2) . We have previously demonstrated that fasting FGF-21 levels were significantly increased in patients with T2DM, which may be explained by a compensatory response to defective insulin action (12) . We also observed that plasma FGF-21 levels were higher in patients with diabetic ketosis, consistent with the results reported by Muise et al. in db/db mice (8, 13) . A study using ELISA assay, in contrast to the RIA method in our study, reported that serum FGF21 varied 250-fold among 76 healthy human individuals and that induction of ketogenesis was independent of FGF21 levels (14) .
We observed a decrease in fasting plasma FGF-21 after treatment with rosiglitazone in pT2DM, which was discrepant to the results in db/db mice reported by Muise et al. This discrepancy could be caused by the improved insulin sensitivity shown in our study. Wang et al. have identified an amino acid of the ligand-binding domain that is required for the response of PPAR-g to endogenous ligands, which is also required for expression of FGF-21 (6). It was previously reported that rosiglitazone enhanced FGF-21 action to induce tyrosine phosphorylation of FGF receptor (FGFR)-2 through activating the PPAR-g pathway in 3T3-L1 adipocytes (7). FGFR1c, FGFR3c, and b-klotho are thought to be determined in the action of FGF21 in several current studies (15, 16) . Thus, rosiglitazone may improve FGF-21 action through the PPAR-g pathway, and consequently alleviate FGF-21 resistance, and reduce plasma FGF-21 levels, but this needs further investigation.
Patients in pT2DM group were on single hypoglycemic agent metformin before participating in the study of rosiglitazone. Thus, the effects of rosiglitazone on the plasma levels of glucose, insulin, and FGF-21 reported here need to be further clarified. The difference in plasma FGF-21 levels between our study and the study done by Gälman et al. is probably due to the different sensitivity of assay methods (ELISA versus RIA). The plasma FGF-21 levels measured by both methods should be evaluated in our future studies.
Our findings suggest that insulin might be an important factor for FGF-21 level, and FGF-21 pathway might be a compensatory mechanism for impaired insulin action. The administration of rosiglitazone on top of ongoing metformin therapy decreases FGF-21 levels, probably through lowering plasma glucose and improving insulin sensitivity. Thus, FGF-21 might be an attractive therapeutic agent for T2DM. The biological mechanism of FGF-21 action and its interaction with insulin in humans need further investigation. 
